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1. Introduction 
This paper presents the marginal costs of the emissions of a selected number of radiatively-
active gases, three uniformly-mixed gases – carbon dioxide, methane, nitrous oxide – and 
two region-specific gases – nitrogen (from aircraft) and sulphur, which influence ozone and 
sulphate aerosol concentrations, respectively. Eyre et al. (1997) extensively discuss the litera-
ture on climate change impact estimation and valuation, and estimate the marginal costs of 
CO2, CH4 and N2O, including substantial sensitivity and uncertainty analyses (cf. Pearce et 
al., 1996; Tol, 1999a). This paper does not repeat Eyre et al. (1997), but rather complements 
it by adding a third model (FUND2.0), adding region-specific gases, and by presenting an al-
ternative accounting framework. 
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2. Models 
Three models are used in this analysis, viz. the Open Framework for Economic Valuation of 
Climate Change (OF), developed by Downing et al. (1995, 1996), and two versions of the 
Climate Framework for Uncertainty, Negotiation and Distribution (FUND), developed by Tol 
(1995, 1996) and Tol (1999b,c), respectively. The models are briefly presented here. 
2.1  Open Framework 
The Open Framework for Economic Valuation of Climate Change (Downing et al. 1995, 
1996) follows a sequence of steps in calculating economic damages. A reference scenario, 
based on the IPCC 1992a scenario, is used to project economic conditions, sensitivity to cli-
matic variations and the climate forcing ofglobal GHG emissions. 
Global-average temperature change and sea level rise are calculated by the 1995 version of 
MAGICC (Wigley et al., 1993). MAGICC is a relatively simple upwelling-diffusion, energy 
balance climate model that distinguishes between land and ocean and between hemispheres. 
In all cases, MAGICC’s default parameters are used.  
Spatial scenarios of climate change are based on the 2xCO2 equilibrium run of the general 
circulation model experiment from the Goddard Institute of Space Sciences (GISS). The 
GCM scenario was scaled to the global-average temperature projection from MAGICC. This 
results in a time-dependent climate change scenario consistent with the assumptions of the 
global emissions. The spatial pattern of anomalies from the GISS equilibrium scenario is re-
tained, however.  
Simple impact models are run for the current climate and for the scenario of climate change. 
The baseline climate is based on the 0.5 degree latitude by longitude climatology of Cramer 
and Leemans (1994). Climate parameters for the baseline are mean monthly temperature and 
precipitation for the period of record. These methods of creating scenarios are common in 
climate change impact assessment (see Viner and Hulme, 1994). The impact variables in-
clude heating and cooling degree days, agricultural suitability, and water balance. They are 
extracted to provide country-average values.  
The model calculates costs for seven time slices from 1990 to 2100.  However, the spatial 
impacts are only calculated for 1990 (the base year) and 2100, scaling the simple impact in-
dicators for intervening time periods according to changes in the global mean temperature. 
For coastal impacts (coastal protection, loss of wetlands, loss of drylands, migration and bio-
diversity), agriculture, energy demand and water, country-level economic impacts are derived 
from the reference projections, simple impact models, and climate sensitivity-cost equations. 
The equations vary in form, depending on the availability of previous sectoral studies. Most 
include changes in supply (from the simple impact models), projected prices (or value of 
production) and the sensitivity of demand to changes in supply or price. The impacts of natu-
ral disasters are only calculated at a global-average level.  
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The country-level direct costs are summed to a global total. An additional global cost, repre-
senting higher order, non-market effects, is calculated as a multiplier on the net damages (i.e. 
not including the positive impacts of climate change). This is done to provide an estimate of 
the total cost of climate change, rather than only the costs that have been captured by the sec-
toral models. The used scalar corresponds to the ratio of non-market to market costs in other 
models (such as FUND), but is still a subjective estimate of the potential damages to “other 
 
2.2  FUND 1.6 
The Climate Framework for Uncertainty, Negotiation and Distribution (FUND) is a model 
that closes the loop population – economy – technology – greenhouse gas emissions – atmos-
pheric composition – climate – climate change impacts – emission abatement. Using simple 
representations of these components, the model runs in time steps of one year from 1950 to 
2200, for nine major world regions. The fact that FUND is able to perform a cost-benefit 
analysis -- with multiple actors and under uncertainty – implies that the impact module is 
subject to strict demands on computational speed. 
FUND was developed to compare the impacts of climate change against the impacts of 
greenhouse gas emission abatement. Here, the main interest is in the climate change impact 
module. This is described in Tol (1995, 1996), and applied to estimate the marginal costs of 
greenhouse gas emissions in Eyre et al. (1998) and Tol (1999a). 
A standard five-box carbon cycle model (cf. Hammitt et al., 1992) is used for carbon dioxide 
concentrations in the atmosphere. The influence of methane and nitrous oxide emissions on 
concentrations geometrically declines over time, with life-times according to Schimel et al. 
(1996). Other human disturbances of climate are omitted. Changes in radiative forcing follow 
from Shine et al. (1990). Radiative forcing drives the equilibrium change in the global mean 
temperature, to which actual temperature geometrically converges. Actual temperature de-
termines equilibrium sea level rise, to which actual sea level rise geometrically converges. 
Equilibrium sensitivities and convergence rates are calibrated to the typical outcomes of sim-
ple climate models (cf. Kattenberg et al., 1996).  
Impact of climate change It at time t is modelled as either: 
 I W Wt t t t t= +a b
2  
or  
 I W W It t t t t t= + + -a b rD D
2
1  
with W an appropriate climate variable, and a, b and r parameters. W may be the global 
mean surface air temperature, or the global mean sea level. The parameters a and b differ per 
impact category, and depend on agricultural production, per capita income, and urbanisation 
(cf. Tol, 1996). Impact I is measured either in percentage of Gross Domestic Product, or in 
percentage of population. In the latter case, climate change induced mortality is valued at 200 
times the per capita income in the relevant region at the relevant time for each casualty. 
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2.3  FUND 2.0 
The impact module of FUND1.6 reflects the insights into the effects of climate change of the 
first half of the 1990s, as laid down in the Second Assessment Report of the IPCC (Pearce et 
al., 1996; Watson et al., 1996). These insights have substantially changed since. Whereas 
earlier studies emphasised the negative impacts of climate change, later studies increasingly 
found positive aspects as well (Mendelsohn and Neumann, 1999), for example in energy con-
sumption and agriculture. Other developments include the extension of studies to new sectors 
and new countries, better inclusion of adaptation, better integration of sectors, and the addi-
tion of more dynamics. These changes are reflected in the climate change impact module of 
FUND2.0, which is a complete revision of the impact module of FUND1.6. FUND2.0 is de-
scribed in Tol (1999b,c). There are four reasons why version 2.0 is placed alongside version 
1.6, rather than replacing it: 
1. FUND2.0 is currently being peer-reviewed whereas FUND1.6 was published in the scien-
tific literature; 
2. FUND1.6 is known, inter alia from previous ExternE applications; 
3. the revision of FUND2.0 was so extensive that it is almost a completely different model; 
and 
4. although FUND1.6, reflecting earlier impact literature, may be too pessimistic about cli-
mate change, FUND2.0, reflecting more recent literature, may be too optimistic. 
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3.  Conventions for valuation and reporting 
3.1  Discounting 
Climate change is a problem of the long term. Discounting is therefore of utter importance 
(cf. Arrow et al., 1996). There are four reasons to discount the future: 
1. Impatience, or myopia. People prefer current consumption over later consumption. 
2. Economic growth. If people are richer in the future, a dollar now has greater (relative) 
value than a dollar later. 
3. Changing relative prices. Certain impacts, such as on human health, may well be valued 
higher in the future. 
4. Uncertainty. Because future consumption is less certain, it is worth less. 
Arguments 1, 2, and 4 call for a positive discount rate (i.e., one that places more weight on 
the near than on the far future). Argument 3 may call for a negative discount rate. 
Arguments 3 and 4 are improper arguments for discounting. Changes in relative prices are 
better explicitly modelled than included in the discount rate, primarily for reasons of trans-
parency. Similarly, it is better to include uncertainty explicitly, rather than to short cut it 
through tinkering with the discount rate. The Open Framework and FUND model changes in 
relative prices. FUND includes uncertainty, the OF reports low, middle and high estimates. 
The discount rate thus consists of the first two elements only. In the standard neo-classical 
formulation the discount rate r follows from: r g= +r h , with r the pure rate of time prefer-
ence, h the consumption elasticity of marginal utility, and g the growth rate of per capita con-
sumption. Here, h=1, that is, utility is proportional to the natural logarithm of consumption. 
The growth rate of per capita consumption g is assumed to equal the growth rate of per capita 
income. The pure rate of time preference r varies between 0%, 1%, and 3% per year. 0% is 
preferred on moral grounds (Ramsey, 1928; Koopmans, 1967) and in line with sustainability 
(Broome, 1992; Brown, 1997). 3% is observed on markets (Nordhaus, 1994). 1% is an arbi-
trary value in between, that will be used for our central estimates below. 
Table 1 displays the assumed growth rates per region. Although all analyses are based on the 
IS92a scenario, the different models had to make different assumptions to fit this to their dif-
ferent spatial and temporal resolutions. In addition, the feedback of climate change on eco-
nomic and population growth is different across the models. 
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Table 1 Assumed regional per capita income growth rates.a 
 FUND1.6b FUND2.0 Open Framework 
 avg. min. max. avg. Min. max. avg. min. max. 
OECD-A 1.2 0.6 3.0 1.2 0.7 3.0 1.6 1.1 2.4 
OECD-E 1.3 0.6 2.5 1.2 0.9 2.4 1.6 1.2 2.4 
OECD-P 1.3 1.0 3.5 1.4 1.0 3.5 1.6 1.1 2.4 
CEE&fSU 1.5 -0.5 4.3 -0.1 -2.4 3.7 1.4 -0.9 2.8 
ME 1.4 0.5 2.2 1.6 0.8 2.4 2.0 1.6 2.3 
LA 1.6 0.9 2.5 1.7 0.9 2.7 2.7 1.8 3.0 
S&SEA 2.0 0.8 3.1 2.1 0.9 3.2 2.5 1.5 2.8 
CPA 2.8 1.3 5.0 2.9 1.3 5.0 3.5 3.0 4.5 
AFR 1.6 -0.0 3.3 1.3 -0.0 3.0 2.0 1.6 2.3 
World 1.4 1.0 1.8 1.4 1.0 1.8 2.2 1.6 2.4 
a The table shows average, minimum and maximum growth rates per decade for the period 1990-
2100. 
b FUND allows for different growth rates as part of its uncertainty analysis, assuming a Normal dis-
tribution with a coefficient of variation of 20%. 
3.2  Aggregation 
Impacts of climate change are valued at national or regional prices in both the Open Frame-
work and FUND. When aggregated, this may be objectionable because, for example, a life 
lost in Bangladesh counts less than a life lost in Germany. Altering values, however, would 
undermine the theoretical foundations of monetization and yield inconsistencies between na-
tional and international environmental policies (Fankhauser et al., 1998). Therefore, the ag-
gregation of monetized impacts is changed, using so-called equity weights (Fankhauser et al., 
1997). 
The framework of Fankhauser et al. (1997) assumes a global decision maker. The audience 
of the ExternE project, however, is a European decision maker. The economic theory of how 
one decision maker values impacts in other than her own country is underdeveloped. An ad 
hoc solution is therefore chosen, inspired by the equity-weights of Fankhauser et al. (1997). 
Four alternatives are reported here: 
1. EU impacts only, with EU values (‘EU only’); 
2. 1, plus impacts in other regions with local values (‘regional values’); 
3. 1, plus impacts in other regions with globally averaged values (‘world average’); 
4. 1, plus impacts in other regions with EU values (‘EU values’). 
 
The alternatives are ordered in terms of estimated severity of the marginal cost estimates. Al-
ternative 1 ignores impacts outside the EU, closest to realpolitik. Alternative 2 is based on 
the expressed willingness-to-pay of people outside of the EU, but suffers from the welfare-
economic inconsistencies induced by aggregating money measures over people with very dif-
ferent incomes. Alternative 3 argues from the perspective of a benevolent world leader. Al-
ternative 4 argues from the moral perspective of a European decision maker inclined to Kant. 
We reject alternative 2 as internally inconsistent (but do report the outcomes), and use alter-
native 3 – in between alternatives 1 and 4 – for our central estimates below. 
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Alternatives 3 and 4 are approximated to avoid expensive reprogramming of FUND.  Impacts 
in other regions are valued at local levels. In aggregating, impacts are weighted with the ratio 
of world and EU per capita income, respectively, over regional per capita income. Open 
Framework estimates are approximated using the period, sector and region impacts for 
slightly different reporting conventions. 
 
 
The marginal costs of climate changing emissions  
 
9 
4. Carbon dioxide, methane and nitrous oxide 
Table 2 presents the marginal costs of carbon dioxide emissions. Patterns are clear and obvi-
ous. The more weight one places at impacts outside the European Union, the higher the mar-
ginal cost. The higher the discount rate, the lower the marginal cost. The regional and tempo-
ral patterns of the three models are quite different. FUND1.6 finds lowest marginal costs for 
the EU, FUND2.0 highest, and the Open Framework lies somewhere in between. This pattern 
changes if more weight is placed on the rest of the world, depending on the discount rate. 
Table 2 The marginal costs of carbon dioxide emissions (in $/tC).a 
 EU only regional values world average EU values 
FUND1.6     
0% PRTP 2.2 38.9 109.5 454.3 
1% PRTP 1.7 26.1 73.8 302.7 
3% PRTP 0.8 12.3 37.0 150.3 
FUND2.0     
0% PRTP 7.2 19.7 27.5 96.3 
1% PRTP 3.1 3.5 12.5 45.5 
3% PRTP 0.0 -6.8 1.3 6.7 
Open Framework     
0% PRTP 7.6 74.5 104.0 295.9 
1% PRTP 4.6 45.8 64.0 182.1 
3% PRTP 1.7 16.3 22.8 64.9 
a Emissions are in the period 2000-2009. Costs are discounted to 2000. Time horizon is 2100. Sce-
nario is IS92a. Morbidity risks are valued based on the value of a statistical life. 
 
Table 3 The marginal costs of nitrous oxide emissions (in $/tN2O).a 
 EU only regional values world average EU values 
FUND1.6     
0% PRTP 291.3 4,562.9 11,547.1 46,645.9 
1% PRTP 187.7 2,687.4 7,079.0 28,769.5 
3% PRTP 80.4 1,123.0 3,234.0 13,155.2 
FUND2.0     
0% PRTP 727.4 2,350.6 2,646.0 9,077.0 
1% PRTP 337.1 782.1 1,266.7 4,446.1 
3% PRTP 51.3 -269.5 231.4 912.3 
Open Framework     
0% PRTP 1,155.0 11,384.7 15,898.6 45,239.1 
1% PRTP 673.2 6,635.9 9,267.0 26,369.0 
3% PRTP 210.8 2,077.8 2,901.6 8,256.4 
a Emissions are in the period 2000-2009. Costs are discounted to 2000. Time horizon is 2100. Sce-
nario is IS92a. Morbidity risks are valued based on the value of a statistical life. 
 
Table 3 displays the results for nitrous oxide. The patterns are similar to those for carbon di-
oxide. However, FUND2.0 finds a positive marginal impact for a 3% discount rate for re-
gional values: Short-term benefits to relatively rich regions outside the EU dominate the 
The marginal costs of climate changing emissions  
 
10 
global estimate. Examples are the positive impact of climate change on agriculture in the 
USA and China. 
Table 4 presents the marginal cost estimates for methane. The Open Framework now finds 
the highest marginal costs to the EU. FUND2.0 finds marginal benefits in a number of cases, 
reflecting its assumption that climate change is, in the short run, good for a number of sectors 
and countries. 
Table 4 The marginal costs of methane emissions (in $/tCH4).
a 
 EU only regional values World average EU values 
FUND1.6     
0% PRTP 1.7 93.3 453.1 1,959.8 
1% PRTP 6.0 110.4 407.3 1,670.4 
3% PRTP 5.0 78.4 274.3 1,086.5 
FUND2.0     
0% PRTP 5.0 -89.7 41.6 183.4 
1% PRTP -5.1 -116.5 -0.3 33.4 
3% PRTP -12.0 -118.8 -29.8 -75.0 
Open Framework     
0% PRTP 25.9 255.6 357.0 1,015.8 
1% PRTP 23.6 232.7 325.0 924.8 
3% PRTP 14.1 139.2 194.5 553.2 
a Emissions are in the period 2000-2009. Costs are discounted to 2000. Time horizon is 2100. Sce-
nario is IS92a. Morbidity risks are valued based on the value of a statistical life. 
 
Table 5 The marginal costs of greenhouse emissions according to FUND2.0.a 
 EU only Regional values World average EU values 
Carbon dioxide ($/tC)   
0% PRTP 1.2 6.1 15.1 60.1 
1% PRTP 0.7 5.1 8.9 35.2 
3% PRTP 0.3 4.1 3.8 14.9 
Nitrous oxide ($/tN2O) 
0% PRTP 102.1 413.9 1,319.0 5,242.1 
1% PRTP 59.7 320.0 78.3 2,967.7 
3% PRTP 24.3 250.8 296.5 1,163.6 
Methane ($/tCH4)    
0% PRTP 4.9 68.2 65.5 257.0 
1% PRTP 3.4 60.9 44.9 175.0 
3% PRTP 1.9 49.2 24.9 95.7 
a Emissions are in the period 2000-2009. Costs are discounted to 2000. Time horizon is 2100. Sce-
nario is IS92a. Morbidity risks are valued based on the value of a year life lost. 
 
Table 5 presents the results of FUND2.0 if mortality is valued not on the basis of a ‘value of 
a statistical life’ (200 times per capita income) but rather at a ‘value of a life year lost’ (10 
times per capita income, per year). Cardiovascular and respiratory diseases, for which rela-
tively little life-time is lost, dominate in the rich regions, do YOLL methodology leads to 
substantially lower marginal costs than does the VOSL methodology. The gap closes if more 
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weight is placed on developing countries, where vector-borne diseases, for which more life-
time is lost, dominate. 
The sectoral breakdown of the marginal costs of carbon dioxide is given in Table 6. 
 
Table 6 Sectoral breakdown of the estimated marginal costs of carbon dioxide 
(cf. Table 5). 
 EU only Regional values World values EU values 
0%     
Water 15.4% 178.0% 71.6% 77.2% 
Forestry -1.2% -0.9% -0.5% -0.5% 
Energy 60.5% -34.7% 31.3% 28.1% 
Agriculture 22.2% 1.8% -0.4% -1.9% 
Coast 2.8% 3.2% 2.6% 2.5% 
Migration 0.2% 0.1% 0.1% 0.1% 
Species 0.0% -0.1% 0.0% 0.0% 
Mortality 0.0% -47.5% -4.6% -5.5% 
1%     
Water 15.3% 129.2% 68.9% 74.5% 
Forestry -1.2% -0.7% -0.6% -0.5% 
Energy 63.2% -28.9% 30.9% 27.6% 
Agriculture 19.2% 1.0% -0.9% -2.2% 
Coast 3.2% 2.8% 3.3% 3.2% 
Migration 0.2% 0.1% 0.1% 0.1% 
Species 0.0% -0.1% 0.0% 0.0% 
Mortality 0.0% -3.5% -1.7% -2.7% 
3%     
Water 15.0% 66.9% 62.7% 68.0% 
Forestry -1.2% -0.4% -0.6% -0.6% 
Energy 67.9% -19.0% 27.6% 24.3% 
Agriculture 14.2% 0.3% -1.7% -2.7% 
Coast 3.9% 2.0% 4.8% 4.7% 
Migration 0.3% 0.1% 0.1% 0.1% 
Species -0.1% -0.1% 0.0% 0.0% 
Mortality 0.0% 50.1% 7.2% 6.3% 
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5. Uncertainty 
Uncertainties abound in climate change. The uncertainties about the impact of climate change 
are estimated in Tol (1999a,b). These are confounded by uncertainties about the scenarios 
(which expand through time) and about the workings of the climate system. The exact speci-
fication can be found in the Appendix. The uncertainty analysis is restricted to parametric 
uncertainty. The uncertainties reflect the ranges found in the literature. Thus, the uncertainty 
calculated below is a lower bound to the ‘true’ uncertainty. This particularly holds for the un-
certainties about the impacts of climate change. The literature on that is thin (excepting agri-
culture), and ranges are therefore narrow. 
Table 7 The uncertainty about the marginal costs of carbon dioxide (in $/tC) according 
to FUND2.0.a 
 EU only Regional values World average EU values 
0% PRTP   
Central est. 1.2 6.1 15.1 60.1 
Mean  1.4 7.9 19.8 78.1 
Median 1.2 7.4 15.9 63.5 
Std. Dev. 0.9 4.9 14.8 56.2 
Geom. Meanb 1.2 n.a. 16.7 66.1 
Geom. Std. Dev.c 1.8 n.a. 1.8 1.7 
1% PRTP 
Central est. 0.7 5.1 8.9 35.2 
Mean 0.9 4.8 11.1 43.9 
Median 0.7 4.0 9.8 38.1 
Std. Dev. 0.5 3.2 7.6 29.1 
Geom. Mean 0.7 n.a. 9.6 38.0 
Geom. Std. Dev. 1.8 n.a. 1.7 1.7 
3% PRTP    
Central est. 0.3 4.1 3.8 14.9 
Mean 0.4 2.3 4.3 16.7 
Median 0.3 2.9 4.0 15.4 
Std. Dev. 0.2 2.2 2.5 9.4 
Geom. Mean 0.3 n.a. 3.8 14.9 
Geom. Std. Dev. 1.8 n.a. 1.6 1.6 
a Emissions are in the period 2000-2009. Costs are discounted to 2000. Time horizon is 2100. Sce-
nario is IS92a. Morbidity risks are valued based on the value of a year life lost. The statistics are 
based on a Monte Carlo experiment with 1,000 runs. The assumed probability density functions 
are given in the Appendix. 
b The geometric mean is the exponent of the mean of the natural logarithms of the observations. 
‘n.a.’ stands for ‘not applicable’ because there are negative marginal costs in the sample. 
c The geometric standard deviation is the exponent of the standard deviation of the natural loga-
rithm of the observations. If the observations are lognormally distributed, the 95% confidence in-
tervals ranges from the geometric mean divided by twice the geometric standard deviation  
 
Table 7 displays the results for carbon dioxide for a Monte Carlo analysis with 1,000 runs. 
All results are based on the ‘years of life lost’ methodology for morbidity risks. Figure 1 de-
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picts the uncertainty about the marginal costs of carbon dioxide emissions for a 1% PRTP 
and world average values. The uncertainty is large and right-skewed. The probability density 
can be reasonably approximated with a lognormal distribution (the line in Figure 1). In case 
regional values are used, the marginal costs may be negative (i.e., benefits). In this case, the 
positive impacts of climate change on the USA, the former Soviet Union and Japan may 
dominate the negative impacts on other regions. 
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Figure 1 Uncertainty about the marginal costs of carbon dioxide emissions for a 1% 
PRTP and world average values. Source: FUND2.0; see Table 7. 
 
As a sensitivity analysis, and to emphasise the ‘real’ uncertainties, Table 8 displays what 
happens if the time horizon is extended from 2100 to 2200. The uncertainties get really large 
in the 22nd century, partly because of the uncertainty about the scenarios and partly because 
parameter uncertainties accumulate over time. The result is that it cannot be excluded that 
some economies collapse, for climate change or other reasons. If per capita income sharply 
declines, the discount rate becomes negative, and small changes in impacts are amplified in 
the net present value. This effect can be quite dramatic, and substantially increase the esti-
mated marginal cost. However, the model was not designed for such extreme scenarios, so 
this result is a model artefact rather than a genuine finding. Comparing the central estimates 
of Tables 7 and 8, we see that there are substantial impacts of emissions in the period 2000-
2009 in the 22nd century. The outcomes of the Monte Carlo experiment are trimmed, that is, 
the highest and lowest 5% are removed. Nevertheless, we observe an even larger increase in 
the mean estimate, and a substantial increase in the uncertainty, particularly for ‘world val-
ues’ and ‘EU values’ and a low discount rate. 
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Table 8 Uncertainty about the marginal costs of carbon dioxide emissions (in $/tC) with 
a time horizon up to 2200, according to FUND2.0.a 
 EU only Regional values World values EU values 
0% PRTP     
Central est. 1.9 20.0 79.4 244.8 
Mean 2.7 30.4 1849.8 3552.3 
Median 2.2 22.8 123.4 350.2 
Std. Dev. 1.6 21.2 7052.1 13010.6 
Geom. Meanb 2.2 25.0 182.2 486.4 
Geom. Std. Dev.c 1.8 1.8 6.1 5.3 
1% PRTP     
Central est. 0.9 8.3 21.3 71.5 
Mean 1.1 9.5 274.8 552.9 
Median 1.0 8.8 28.5 89.1 
Std. Dev. 0.6 4.0 981.9 1835.4 
Geom. Mean 1.0 8.7 43.3 126.5 
Geom. Std. Dev. 1.7 1.5 4.6 3.8 
3% PRTP     
Central est. 0.3 4.3 4.4 16.8 
Mean 0.4 2.7 10.4 29.1 
Median 0.3 3.0 4.7 17.5 
Std. Dev. 0.2 1.8 21.8 44.1 
Geom. Mean 0.3 n.a. 5.7 20.0 
Geom. Std. Dev. 1.6 n.a. 2.2 1.9 
a Emissions are in the period 2000-2009. Costs are discounted to 2000. Time horizon is 2200. Sce-
nario is IS92a. Morbidity risks are valued based on the value of a year life lost. The statistics are 
based on a Monte Carlo experiment with 1,000 runs. Results are trimmed for the top and bottom 
5%. The assumed probability density functions are given in the Appendix. 
b The geometric mean is the exponent of the mean of the natural logarithms of the observations. 
‘n.a.’ stands for ‘not applicable’ because there are negative marginal costs in the sample. 
c The geometric standard deviation is the exponent of the standard deviation of the natural loga-
rithm of the observations. If the observations are lognormally distributed, the 95% confidence in-
tervals ranges from the geometric mean divided by twice the geometric standard deviation to the 
geometric mean times twice the geometric standard deviation. 
 
Table 9 and Figure 2 display the results for nitrous oxide. The findings are similar as those 
for carbon dioxide in Table 7. 
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Table 9 The uncertainty about the marginal costs of nitrous oxide (in $/tN2O) according 
to FUND2.0.a 
 EU only Regional values World average EU values 
0% PRTP   
Central est. 102.1 413.9 1,319.0 5,242.1 
Mean  126.6 672.9 1,782.6 7,010.6 
Median 110.1 594.8 1,405.5 5,613.2 
Std. Dev. 79.2 452.0 1,383.7 5,213.0 
Geom. Meanb 106.4 n.a. 1,480.6 5,872.8 
Geom. Std. Dev.c 1.8 n.a. 1.8 1.8 
1% PRTP 
Central est. 59.7 320.0 748.3 2,967.7 
Mean 73.1 437.8 970.9 3,826.5 
Median 63.5 377.9 786.8 3,129.8 
Std. Dev. 45.1 260.8 794.4 2,639.9 
Geom. Mean 61.8 n.a. 825.4 3,276.1 
Geom. Std. Dev. 1.8 n.a. 1.7 1.7 
3% PRTP    
Central est. 24.3 250.8 269.5 1,163.6 
Mean 29.2 169.4 348.3 1,366.6 
Median 25.7 186.2 301.3 1,181.3 
Std. Dev. 17.7 154.5 210.7 806.3 
Geom. Mean 24.9 n.a. 307.5 1,212.6 
Geom. Std. Dev. 1.8 n.a. 1.6 1.6 
a Emissions are in the period 2000-2009. Costs are discounted to 2000. Time horizon is 2100. Sce-
nario is IS92a. Morbidity risks are valued based on the value of a year life lost. The statistics are 
based on a Monte Carlo experiment with 1,000 runs. The assumed probability density functions 
are given in the Appendix. 
b The geometric mean is the exponent of the mean of the natural logarithms of the observations. 
‘n.a.’ stands for ‘not applicable’ because there are negative marginal costs in the sample. 
c The geometric standard deviation is the exponent of the standard deviation of  the natural loga-
rithm of the observations. If the observations are lognormally distributed, the 95% confidence in-
tervals ranges from the geometric mean divided by twice the geometric standard deviation to the 
geometric mean times twice the geometric standard deviation. 
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Figure 2 Uncertainty about the marginal costs of nitrous oxide emissions for a 1% PRTP 
and world average values. Source: FUND2.0; see Table 9. 
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Table 10 The uncertainty about the marginal costs of methane (in $/tCH4) according to 
FUND2.0.a 
 EU only Regional values World average EU values 
0% PRTP   
Central est. 4.9 68.2 65.5 257.0 
Mean  6.8 43.6 88.0 345.2 
Median 5.9 51.1 75.1 294.8 
Std. Dev. 3.8 35.1 53.5 204.5 
Geom. Meanb 5.8 n.a. 77.2 304.4 
Geom. Std. Dev.c 1.7 n.a. 1.6 1.6 
1% PRTP 
Central est. 3.4 60.9 44.9 175.0 
Mean 4.6 31.3 55.5 216.6 
Median 2.6 37.3 49.5 193.3 
Std. Dev. 1.4 30.6 30.6 116.7 
Geom. Mean 3.9 n.a. 49.5 194.3 
Geom. Std. Dev. 1.7 n.a. 1.6 1.6 
3% PRTP    
Central est. 1.9 49.2 24.9 95.7 
Mean 2.4 19.3 26.4 101.5 
Median 2.1 21.9 25.3 97.6 
Std. Dev. 1.4 23.2 12.5 47.0 
Geom. Mean 2.1 n.a. 24.0 92.8 
Geom. Std. Dev. 1.7 n.a. 1.5 1.5 
a Emissions are in the period 2000-2009. Costs are discounted to 2000. Time horizon is 2100. Sce-
nario is IS92a. Morbidity risks are valued based on the value of a year life lost. The statistics are 
based on a Monte Carlo experiment with 1,000 runs. The assumed probability density functions 
are given in the Appendix. 
b The geometric mean is the exponent of the mean of the natural logarithms of the observations. 
‘n.a.’ stands for ‘not applicable’ because there are negative marginal costs in the sample. 
c The geometric standard deviation is the exponent of the standard deviation of  the natural loga-
rithm of the observations. If the observations are lognormally distributed, the 95% confidence in-
tervals ranges from the geometric mean divided by twice the geometric standard deviation to the 
geometric mean times twice the geometric standard deviation. 
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Figure 3 Uncertainty about the marginal costs of methane emissions for a 1% PRTP and 
world average values. Source: FUND2.0; see Table 10. 
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6. Ozone and sulphate aerosols 
The methodology to estimate the costs of region-specific climate change is described in 
Grewe and Tol (1999). Geographical climate change patterns resulting from regional nitrogen 
and sulphur emissions are derived from the DLR atmospheric chemistry model and the 
MPIM general circulation model (for nitrogen and ozone) and from the UIUC atmospheric 
chemistry and general circulation model (for sulphur and sulphate aerosols). Changes in the 
regional climate patterns are imposed on FUND1.6 so as to estimate the regional damages. 
Table 11 presents the estimated marginal costs of nitrogen emissions from aircraft flying over 
Europe. The effects on Europe are positive at first, and negative latter. The pulse of nitrogen 
emissions causes temporary warming, which brings the positive effects of climate change on 
European agriculture forward. Although the direct climatic effect ends with the pulse, the rate 
of warming is slightly lower afterwards. This brings costs to Europe, because its cold-related 
deaths fall less. Nitrogen emissions over Europe also warm the rest of the world. Here, gen-
erally negative effects ensue. 
Table 11 The marginal costs of nitrogen emissions from European aircraft ($/kgN).  
 EU only Regional values World average EU values 
FUND1.6     
0% PRTP -5.5 53.1 359.9 1,270.2 
1% PRTP -2.5 52.8 337.0 1,232.2 
3% PRTP 0.8 62.2 330.7 1,233.5 
Notes: Emissions are in the period 2000-2009. Costs are discounted to 2000. Scenario is FUND. 
 
Table 12 displays the marginal costs of sulphur emissions in Europe. Sulphate aerosols have 
a short-lived cooling effect, so the pattern of the marginal costs of sulphur emissions is oppo-
site to the pattern of the marginal costs of nitrogen emissions. 
Table 12 The marginal costs of sulphur emissions from Europe ($/kgS).  
 EU only Regional values World average EU values 
FUND1.6     
0% PRTP 1.2 -2.0 -11.3 -35.8 
1% PRTP 0.6 -1.4 -9.8 -34.1 
3% PRTP 0.0 -1.5 -9.6 -35.4 
Notes: Emissions are in the period 2000-2009. Costs are discounted to 2000. Scenario is FUND. 
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7. Conclusion 
This paper reassesses the marginal costs of greenhouse gases, viz. carbon dioxide, methane, 
and nitrous oxide, and estimates the marginal costs of sulphur emissions (via sulphate aero-
sols) and nitrogen emissions from aircraft (via ozone.). The recommended values for ExternE 
are given in Table 13. 
The discounting and valuation procedures for marginal cost estimation were refined, but the 
estimates for the three greenhouse gases do not substantially differ from those in Eyre et al. 
(1999), Pearce et al. (1996), and Tol (1999a). 
The currently recommended values (Table 13) are lower than those of Eyre et al. (1999), 
though, reflecting the more optimistic tone of recent impact literature. The older models, 
FUND1.6 and the Open Framework, are unable to estimate marginal costs on the basis of the 
value of a life year lost. With comparable valuation methods, these models estimate the mar-
ginal costs of CO2 and N2O to be a factor 5-7 higher than does FUND2.0. 
It should be noted that with the inclusion of new insights into the impacts of climate change, 
it can no longer be excluded that marginal costs are negative, particularly for methane. The 
sign of the costs is model and region dependent. 
Despite their short life-time, the marginal costs of nitrogen and sulphur emissions are rela-
tively large, primarily because they are not much discounted. 
The results presented here should not be taken as final estimates. The impacts covered by the 
models used are only a fraction (of unknown size) of all climate change impacts. Particularly, 
large scale disruptions, such as a breakdown of North Atlantic Deep Water formation or a 
collapse of the West-Antarctic Ice Sheet, are excluded from the analysis. The methodologies 
to estimate climate change impacts in a different future remain weak. Adaptation is not in-
cluded in its full complexity. Valuation of impacts is still troublesome, particularly for nature 
and health. Our knowledge of atmospheric chemistry and climate has substantial gaps. The 
estimates reflect our current best knowledge, and indicate a stimulating research agenda. 
Table 13 Recommended marginal costs for ExternE.a 
 Minimumb Lowc Central estimated Highc Maximumb 
CO2 (€/tCO2)
e 0.1 1.4 2.4 4.1 16.4 
N2O (€/tN2O)
e 24.3 440.2 748.3 1,272.1 5,242.1 
CH4 (€/tCH4)
e 1.9 28.2 44.9 71.5 257.0 
N (€/kgN)f -5.5 198.2 337.0 527.9 1,270.2 
S (€/kgS)f -35.8 -16.6 -9.8 -5.8 0.0 
a Emissions are in the period 2000-2009. Costs are discounted to 2000. 
b Minimum and maximum are as in Tables 5, 11 and 12. 
c High and low approximately span the 67% confidence interval. 
d PRTP equals 1%. Values are world averages. 
e Model is FUND2.0. Time horizon is 2100. Scenario is IS92a. Morbidity risks are valued based on 
the value of a life year lost. Note that the marginal costs of carbon dioxide are here expressed per 
tonne of CO2, rather than per tonne of carbon as in earlier tables. 
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f Model is FUND1.6. Time horizon is 2200. Scenario is FUND. Morbidity risks are valued based 
on the value of a statistical life. Uncertainty is based on an assumed geometric standard deviation 
of 1.7, in line with CO2, N2O and CH4. Nitrogen emissions are from aircraft only. 
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Appendix I. Uncertainty in FUND2.0 
I.1 Basic assumptions 
Table A1. Assumptions in the uncertainty analysis. 
Set of parameters Distribution Mean Spread 
Scenarios (economy, popula-
tion, emissions (other than in-
dustrial CO2), technology) 
Normal IS92a Grows over time 
Atmospheric life-time CH4 and 
N2O 
Inverse triangular  Tol (1999a) Tol (1999a) 
Atmospheric life-time CO2 Inverse normal knotted at 0 Tol (1999a) Tol (1999a) 
Temperature and sea-level sen-
sitivity 
Gamma Tol (1999a) Tol (1999a) 
Temperature and sea-level reac-
tion time 
Inverse triangular Tol (1999a) Tol (1999a) 
Elasticity of WTP to per capita 
income 
Normal knotted at 0 Tol (1999b) Tol (1999c) 
Elasticity of impact to per capita 
income 
Normal knotted at 0 Tol (1999c) Tol (1999c) 
Linearity of impact Normal knotted at 0 Tol (1999c) Tol (1999c) 
Sensitivity of impact to level of 
climate change 
Normal Tol (1999b) Tol (1999b) 
Sensitivity of impact to rate of 
climate change 
Normal knotted at 0 Tol (1999b) Tol (1999b) 
Sensitivity of impact of sea 
level rise 
Exponential Tol (1999b) Tol (1999b) 
Adaptation time Inverse normal knotted at 0 Tol (1999c) Tol (1999c) 
Threshold income vector-borne 
disease 
Normal Tol (1999c) Tol (1999c) 
Maximum cardiovascular dis-
ease 
Normal knotted at 0 Tol (1999c) Tol (1999c) 
Elasticity base cardiovascular 
disease to per capita income 
Normal knotted at 0 Tol (1999c) Tol (1999c) 
Ecosystem value Normal knotted at 0 Tol (1999b) Tol (1999c) 
Mortality value Normal knotted at 0 Tol (1999b) Tol (1999c) 
Agricultural climate optimum Normal Tol (1999c) Tol (1999c) 
Intake of migrants Standardised normal knotted at 
0 
Tol (1999b) Tol (1999b) 
Migration value Normal knotted at 0 Tol (1999b) Tol (1999b) 
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I.2 Excerpts from Tol (1999a) 
Methane and nitrous oxide are taken up in the atmosphere, and then geometrically depleted: 
where C denotes concentration, E emissions, t year, and pre pre-industrial. Table 1 displays 
the parameters for both gases. 
The carbon cycle is a five-box model: 
with 
where ái denotes the fraction of emissions E (in million metric tonnes of carbon) that is allo-
cated to box i -rate of the boxes 
(ñ = exp(-1/lifetime), with average life-times infinity, 363, 74, 17 and 2 years, respectively). 
 
Table A2. Parameters of Equation (A2). 
Gas áa âb Pre-industrial concentration 
Methane (CH4) 0.3597 1/8.6 790 ppb 
Nitrous oxide (N2O) 0.2079 1/120 285 ppb 
a 4 or N2O) into concentrations 
(in parts per billion by volume). 
b -industrial (and assumedly 
equilibrium) concentrations; 1/â is the atmospheric life-time (in years) of the gases. 
 
The global mean temperature T is governed by a geometric build-up to its equilibrium (de-
termined by radiative forcing RF), with a life-time of 50 years. In the base case, global mean 
temperature rises in equilibrium by 2.5°C for a doubling of carbon dioxide equivalents, so: 
Global mean sea level is also geometric, with its equilibrium determined by the temperature 
and a life-time of 50 years. 
 
 ( )C-C - E + C = C pre1-tt1-tt ba      (A1) 
 E0.000471 + Box = Box ti1-ti,iti, ar      (A2a) 
 Box = C ti,i
5
1=i
t aå     (A2b) 
 RF
(2)6.3
2.5
50
1
 + T
50
1
-1 = T t1-tt
ln
÷
ø
ö
ç
è
æ
     (A3) 
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Table A3. Description of parameter uncertainty; units are given in brackets. 
Parameter distribution characteristics parameters 
Climate sensitivity gamma Mode 2.50 á 8.1270 
(°C/doubling CO2)  Mean 2.85 â 0.3508 
  std.dev. 1.00   
sea level sensitivity gamma Mode 0.31 á 5.9957 
(m/°C)  Mean 0.36 â 0.0613 
  std.dev. 0.15   
atm. Life-time CH4 Triangular Mode 8.6 a 8.0 
(year)  Mean 10.2 b 16.0 
  std.dev. 1.3 c 8.6 
atm. Life-time N2O Triangular Mode 120 a 100 
(year)  Mean 130 b 170 
  std.dev. 15 c 120 
life-time temperature Triangular Mode 50 a 25 
life-time sea level  Mean 58 b 100 
(year)  std.dev. 16 c 50 
atm. Life-times CO2 normal
a Mean 363; 74; 17; 2 ì  mean 
(year)  std.dev. half mean ó std.dev. 
a Knotted (truncated) at zero. 
I.3 Excerpts from Tol (1999b) 
Table A4. Impacts of climate change on agriculture. 
Region rate of change 
(%GAP/0.040C) 
Level of change 
(%GAP/10C) 
Optimal temperature 
(D0C wrt 1990) 
OECD-A -0.021 (0.031) 0.398 (0.530) 2.29 (1.32) 
OECD-E -0.026 (0.025) 0.838 (0.450) 0.45 (0.50) 
OECD-P -0.016 (0.038) 0.321 (0.648) 2.71 (0.33) 
CEE&fSU -0.028 (0.027) 1.060 (0.452) 2.96 (0.43) 
ME -0.017 (0.011) 0.233 (0.193) 3.08 (0.49) 
LA -0.022 (0.015) 0.221 (0.280) 2.14 (0.26) 
S&SEA -0.022 (0.007) 0.253 (0.132) 2.16 (0.33) 
CPA -0.023 (0.023) 1.239 (0.403) 3.41 (1.01) 
AFR -0.012 (0.006) 0.189 (0.111) 3.00 (0.48) 
 
Table A5. Impact of a 1°C warming on current day forestry, water, heating, and cooling, in 
million US dollar. 
Region forestry water heating cooling 
OECD-A 218 (24) -3 (3) 22 (22) -11 (11) 
OECD-E 134 (16) -2 (2) 13 (13) -20 (20) 
OECD-P 93 (20) -0 (0) 7 (7) -1 (1) 
CEE&fSU -136 (17) -76 (76) 46 (46) -19 (19) 
ME 0 (0) -1 (1) 8 (8) -1 (1) 
LA -10 (2) -1 (1) 3 (3) -2 (2) 
S&SEA 140 (34) -2 (2) 4 (4) -4 (4) 
CPA 0 (0) 2 (2) 17 (17) -12 (12) 
AFR 0 (0) -2 (2) 0 (0) -5 (5) 
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Table A6. Impact of a one metre sea level rise. 
 level 
prot. 
dryland loss dryland value wetland loss wetland value protection 
costs 
emigrants 
 % 103 km2 106$/km2 103 km2 106$/km2 109$ 106 
OECD-A 0.77 4.8 (2.4) 1.3 (0.6) 12.0 (8.6) 5.4 (2.7) 83 (74) 0.13 (0.07) 
OECD-E 0.86 0.7 (0.4) 13.1 (6.6) 4.0 (2.3) 4.3 (2.2) 136 (45) 0.22 (0.10) 
OECD-P 0.95 0.3 (0.4) 13.7 (6.7) 1.0 (1.1) 5.9 (2.9) 63 (38) 0.04 (0.02) 
CEE&fSU 0.93 1.2 (2.7) 0.9 (0.5) 0.0 (0.0) 2.9 (1.5) 53 (50) 0.03 (0.03) 
ME 0.30 0.6 (1.2) 0.5 (0.3) 0.0 (0.0) 1.3 (0.7) 5 (3) 0.05 (0.08) 
LA 0.86 7.8 (7.1) 0.3 (0.2) 50.2 (36.4) 0.9 (0.5) 147 (74) 0.71 (1.27) 
S&SEA 0.93 9.3 (9.6) 0.5 (0.3) 54.9 (48.0) 0.3 (0.2) 305 (158) 2.30 (1.40) 
CPA 0.93 8.4 (15.1) 0.3 (0.2) 15.6 (17.1) 0.2 (0.1) 171 (126) 2.39 (3.06) 
AFR 0.89 15.4 (18.4) 0.4 (0.2) 30.8 (14.8) 0.4 (0.2) 92 (35) 2.74 (2.85) 
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TableA7    Additional deaths due to vector-borne diseases for a 1ºC global warming. 
Region Malaria Schistosomiasis dengue fever 
OECD-A 0 (0) 0 (0) 0 (0) 
OECD-E 0 (0) 0 (0) 0 (0) 
OECD-P 0 (0) 0 (0) 0 (0) 
CEE&fSU 0 (0) 0 (0) 0 (0) 
ME 155 (112) -64 (13) 0 (0) 
LA 1,101 (797) -114 (22) 0 (0) 
S&SEA 8,218 (5949) -116 (3) 6,745 (1,171) 
CPA 0 (0) -128 (25) 393 (68) 
AFR 56,527 (40,919) -503 (99) 343 (60) 
 
Table A8 Additional deaths (in thousands) due to cardiovascular and respiratory 
diseases for a 1°C global warming. 
Region Cardiovascular – cold Cardiovascular - heat Respiratory 
OECD-A -64.4 (4.4) 11.4 (5.9) 3.0 (9.7) 
OECD-E -99.8 (2.6) 11.7 (4.0) -2.8 (5.7) 
OECD-P -13.1 (2.2) 3.5 (2.8) 1.0 (4.8) 
CEE&fSU -87.5 (5.2) 10.7 (4.4) 4.5 (11.0) 
ME -8.9 (1.3) 2.5 (0.4) 9.9 (2.6) 
LA -20.0 (3.5) 8.1 (1.8) 11.1 (7.0) 
S&SEA -63.8 (16.9) 17.5 (2.9) 141.2 (34.1) 
CPA -103.4 (21.7) 24.3 (4.6) 62.8 (44.4) 
AFR -18.2 (3.0) 4.7 (0.5) 24.8 (6.0) 
 
I.4 Excerpts from Tol (1999c) 
 
The assumed model for agriculture is: 
r
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 (A4) 
ar denotes the change in agricultural production due the rate of climate change; t denotes 
time; r denotes region; DT denotes the change in the global mean temperature; a is a pa-
rameter, denoting the benchmark change in agricultural production; b is a parameter, de-
noting the non-linearity of the reaction to temperature; b=2 (1.5-2.5); r is a parameter, 
denoting the speed of adaptation; r=10 (5-15). 
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al denotes the change in agricultural production due to the level of climate change; t de-
notes time; r denotes region; T denotes the change in global mean temperature relative to 
1990; AB is a parameter, denoting the benchmark change in agricultural production; Topt 
is a parameter, denoting the optimal temperature. 
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For Topt<0.5, (2) is replaced by a bilinear form. If T=Topt, al=2AB. If T=0, al=0. If T=1, 
al=AB. 
The share of agricultural production in total income falls with per capita income: 
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GAP denotes gross agricultural product; Y denotes gross domestic product; y denotes 
gross domestic product per capita; t denotes times; r denotes regions; e = 0.31 (0.15-
0.45). 
Forestry follows: 
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where F denotes the change in forestry consumer and producer surplus (as a share of to-
tal income); t denotes time; r denotes region; y denotes per capita income; T denotes the 
global mean temperature; e = 0.31 (0.11-0.51); b = 1 (0.5-1.5). 
The impact of climate change on water resources follows: 
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where W denotes the change in water resources, expressed in billion dollars; t denotes 
time; r denotes region; Y denotes income; T denotes the global mean temperature; b = 
0.85 (0.70 - 1.00); g = 1 (0.5-1.5). 
The model for space heating is: 
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SH denotes the amount of money spent less on space heating; t denotes time; r denotes 
region; T denotes the change in the global mean temperature relative to 1990; y denotes 
per capita income; P denotes population size; b = 1 (0.5-1.5); e = 0.8 (0.6-1.0); AEEI is 
about 1% per year in 1990, converging to 0.2% in 2200; its standard deviation is set at a 
quarter of the mean. 
The model for space cooling is: 
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SC denotes the amount of money spent additionally on space cooling; t denotes time; r 
denotes region; T denotes the change in the global mean temperature relative to 1990; y 
denotes per capita income; P denotes population size; b = 1 (0.5-1.5); e = 0.8 (0.6-1.0).  
Land loss is assumed to be a linear function of sea level rise. The value of dryland is as-
sumed to be linear in income density ($/km2), with an average value of $4 million per 
square kilometre for the OECD. Wetland value is assumed to be logistic in per capita in-
come, with an average value of $5 million per square kilometre for the OECD. If dryland 
gets lost, the people living there are forced to move. The number of forced migrants fol-
lows from the amount of land lost and the average population density in the region. The 
value of this is set at three times the regional per capita income per migrant.  
The level of protection, that is, the share of the coastline protected, is:  
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L is the fraction of the coastline to be protected. PC is the net present value of the protec-
tion if the whole coast is protected. WL is the net present value of wetland lost due to full 
coastal protection. DL is the net present value of dryland lost without protection.  
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where PCa is the average annual costs of protection; r=1%.  
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where WL0 denotes the value of wetland loss in the first year.  
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where DL0 is the value of dryland loss in the first year. 
Ecosystems loss is valued as 
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where E denotes the value of the loss of ecosystems; t denotes time; r denotes region; y 
denotes per capita income; P denotes population size; a is a parameter such that E 
equals $50 per person if per capita income equals the OECD average in 1990; yb = 
$20,000 (10,000).  
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The model for vector-borne diseases is 
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while mt,r,d=0 if yt,r>yc; m denotes mortality; t denotes time; r denotes regions; d denotes 
disease; y denotes per capita income; T denotes the change in the global mean tempera-
ture relative to 1990; yc=$3100 (2100-4100); b and g are parameters, denoting the non-
linearity of mortality in temperature and income, respectively; a=1 (0.5-1.5); g=1 (0.5-
1.5).  
The model for cardiovascular and respiratory diseases is: 
2TaTM b+=D  (A17) 
where T denotes the change in global mean temperature. 
The total change in mortality is restricted to a maximum of 5% (2%) of baseline mortal-
ity. Baseline cardiovascular and respiratory mortality derives from the share of the popu-
lation above 65 in the total population. If the fraction of people over 65 increases by 1%, 
cardiovascular mortality increases by 0.0259% (0.0096%). For respiratory mortality, the 
change is 0.0016% (0.0005%). 
Mortality is expressed as a fraction of population size. Cardiovascular mortality is sepa-
rately specified for younger and older people. In 1990, the per capita income elasticity of 
the share of the population over 65 is 0.25, with a standard deviation of 0.08. Heat-
related mortality is assumed to be limited to urban populations. 
 
 
 
